High-resolution synchrotron x-ray powder diffraction in La 0.7 Ca 0.3 MnO 3 shows in detail a first-order structural phase transition from orthorhombic ͑space-group Pnma͒ to rhombohedral ͑space-group R3c͒ crystal structures near T S = 710 K. Magnetic susceptibility measurements show that the rhombohedral phase strictly obeys the Curie-Weiss law as opposed to the orthorhombic phase. A concomitant change in the electrical resistivity behavior, consistent with an alteration from nonadiabatic to adiabatic small polaron hopping regimes, was also observed at T S . The simultaneous change in transport and magnetic properties are identified as a transition from a correlated polaron liquid for T Ͻ T S to an uncorrelated polaron gas for T Ͼ T S , driven by the change in the crystal symmetry.
I. INTRODUCTION
The microscopic mechanism underlying electronic, structural, and magnetic transitions in strong spin-lattice-charge coupled systems is a subject of great interest in condensedmatter physics. 1 Doped manganese oxides exhibiting the colossal magnetoresistance ͑CMR͒ effect as well as charge, orbital, and magnetic orderings are good examples of systems where the order parameter is believed to comprise spin, charge, and lattice degrees of freedom. 2 Double exchange 3 and electron-lattice 4 coupling theories were proposed to explain the correlation between magnetism and electronic transport. More recently, phase separation 2 and Griffiths-type singularity 5 pictures have emerged due to the presence of quenched disorder in these systems. Experimental studies have shown that correlation among order parameters originating from different degrees of freedom of electrons is the essence of the physical properties of these systems. 2, 6 A better understanding of the order parameters along with the relationship between degrees of freedom may be the next step to be accomplished in this strong coupled system.
The doped manganese perovskite La 0.7 Ca 0.3 MnO 3 is believed to be a strongly coupled system bringing about unusual properties close to the ferromagnetic ͑FM͒ transition at T c . The long-range FM transition has been characterized through thermodynamic measurements, which was shown to be continuous with a very large specific-heat exponent. 7 Neutron-scattering experiments reveal short-range FM correlations attributed to FM polarons, whose number increases rapidly as the temperature decreases to T c . 8, 9 The lack of divergence of the magnetic correlation length below T c suggests a first-order phase transition. 10 The existence of short-range magnetic correlations well above T c is well established, 2,11 although it was not clear if there exists an upper temperature limit above which such correlations disappear. In this phase, the electronic conductivity is well described by a small polaron hopping mechanism. 12, 13 Localized carriers are expected to polarize the ions in their neighborhood and distort the surrounding lattice, thereby exchanging energy and forming a bounded polaron. The terminology small polaron refers to the spatial extension of the lattice distortion induced by an electron or hole. Consequently, polaronic states with an extension comparable with a lattice spacing are called small polarons; large polarons are present otherwise. In a simplified approach for manganites, a small lattice polaron can be formed when an e g electron localizes on a Mn 3+ ion and the surrounding oxygen octahedron is distorted due to the Jahn-Teller ͑JT͒ effect. Mn 4+ ions are JT inactive, consequently, the Mn 4+ O 6 octahedra remain locally undistorted.
Structural, magnetic, and electrical conductivity studies at very high temperatures, which may disclose the complex connection between lattice, spin, and charge, are scarce in the literature. Most studies of manganese oxides have focused on the phenomena occurring below 400 K. 2 The majority of studies done above this temperature concentrates on the parent compound LaMnO 3 , where an orbital orderdisorder JT transition is observed. [14] [15] [16] [17] This has led to difficulties in studying the critical fluctuations associated with the magnetic transition regarding the nature of the hightemperature precursors of the FM and metallic ͑FMM͒ state observed at low T.
Here, we focus on the structural, magnetic, and transport properties of La 0.7 Ca 0.3 MnO 3 in the temperature range of 300-900 K. It is known that this compound shows an orthorhombic to rhombohedral phase transition around T S = 710 K, which is the lowest T S for the La 1−x Ca x MnO 3 series. 18 Nonetheless, a detailed structural study in the hightemperature range for this composition was still lacking, to our knowledge. Our results confirm the structural phase transition from orthorhombic ͑Pnma space group͒ to rhombohedral ͑R3c space group͒ structures close to T S = 710 K and reveal a temperature interval with hysteretic behavior. The details of the crystal structure and lattice-parameter behaviors are presented. This structural transition occurring in the paramagnetic insulating ͑PMI͒ state provides an ideal sce-nario for a better understanding of the evolution of the polaronic behavior through different average lattice symmetries. Our magnetic-susceptibility results indicate that the Mn spins form a classical paramagnetic state above T S , which are in contrast to the deviations from the Curie-Weiss law found in the Pnma phase. Electrical resistivity measurements show a change of polaronic behavior at T S from nonadiabatic in the Pnma phase to adiabatic in the R3c phase. The thermal hysteresis observed across the structural transition was also observed in our magnetic and transport measurements, unambiguously establishing the first-order nature of the structuralmagneto-transport transition at T S . Our results in conjunction with previous neutron and x-ray studies showing polaron correlations in the orthorhombic phase of related manganites point to a scenario in which the structural transition triggers a crossover between distinct electronic states that may be classified as polaron liquid and polaron gas states. Furthermore, it reveals the lattice dependent nature of polaronic precursor of the low-temperature FMM state where CMR is pronounced.
II. EXPERIMENT
A dense polycrystalline La 0.7 Ca 0.3 MnO 3 sample was prepared by the sol-gel method. The detailed procedure is explained elsewhere. 19 Magnetization measurements were performed using a Quantum Design vibrating sample magnetometer. Electrical resistivity was measured using a four-probe method using a homemade apparatus with a platinum thermometer mounted close to the sample. Silver epoxy was used to make contacts to the sample. Data were collected in air by warming to the highest temperature followed by cooling. We have performed both thermogravimetric analysis ͑TGA͒ and differential scanning calorimetry ͑DSC͒ up to 950 K ͑not shown͒ in La 0.7 Ca 0.3 MnO 3 . DSC shows a robust peak at T = 710 K indicating a phase transition. TGA revealed no changes in the studied temperature range, indicating negligible oxygen loss.
High-resolution x-ray powder-diffraction ͑XPD͒ measurements were conducted on the XPD beamline at the Laboratório Nacional de Luz Síncrotron. 20 The sintered pellet was ground and sieved to reject grains larger than ϳ5 m. Wavelength of 1.240 Å and 2 steps of 0.005°were chosen for our measurements. The sample holder was rocked by 1°a t each step while being continuously rotated to minimize spurious graininess effects. A Ge͑111͒ analyzer crystal was employed, yielding an instrumental resolution of ϳ0.01°in 2 at low angles. 20 A furnace with Ar flow was employed for the high-temperature measurements. Rietveld refinements were carried out with the program suit GSAS ͑Ref. 21͒ and EXPGUI. Figure 1 shows x-ray diffraction patterns collected at T = 590 and 800 K. An orthorhombic structure with spacegroup Pnma is observed up to T ϳ 690 K, while a rhombohedral structure with space-group R3c is observed above T ϳ 720 K. The refined structural parameters are listed in Table I for T = 300, 590, and 800 K. A comparison between our refined atomic positions for the orthorhombic phase at 300 K and the corresponding parameters reported by Hibble et al. 23 in a neutron powder-diffraction work at this temperature reveals consistent results within three standard deviations. Figure 2 shows the temperature dependence of lattice parameters a, b / ͱ 2, c, and unit-cell volume V. For the parameters shown in this figure, a monoclinic unit-cell setting was adopted for the rhombohedral phase, 24 allowing a direct comparison with the orthorhombic lattice parameters. A discontinuity of the lattice parameters and monoclinic angle ␥ takes place at the orthorhombic-rhombohedral transition. This feature is more pronounced for a and b. On the other hand, the change of unit-cell volume is small and apparently continuous through the structural transition. In addition, a phase coexistence interval between ϳT = 690 and 720 K is observed ͑shaded area and inset of Fig. 2͒ . Figure 3 shows a profile illustrating the phase coexistence at 700 K. To clarify the nature of the phase transition and the evolution of the phase coexistence, we focused on this region and estimated the Pnma phase fraction on warming and cooling as dis- played in the inset of Fig. 3 . A thermal hysteresis is observed. The lower panel of Fig. 2 displays the cell parameters evolution of both phases in this range as well. We therefore confirm that the nature of structural phase transition is of first order as expected. 25 In addition, any change of physical properties related to this structural transition is expected to show an equivalent thermal hysteresis associated with the phase coexistence region. Figure 4 shows the inverse of magnetic susceptibility ͑ −1 ͒ corrected for the temperature independent diamagnetic and Van Vleck contributions 14 as a function of temperature.
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III. RESULTS AND DISCUSSION
As T is increased, two phase transitions are observed: a longrange FM transition at T c = 250 K and a hysteretic one at 710 K-clearly related to the structural transition described above. The Curie-Weiss law is obeyed only above T S and the estimated effective magnetic moment is p eff = 4.57͑3͒ B with a Weiss temperature of = 360 K. This agrees with the expected value ͑p eff = 4.59 B ͒ for spin-only Mn ions with the appropriate Mn +4 / Mn +3 ratio, indicating that the magnetic ions are in a pure uncorrelated paramagnetic state in the rhombohedral phase. Below T S , the slope of −1 decreases monotonically as T c is approached from above, suggesting that spin correlations and/or a temperature-dependent exchange field arise in the orthorhombic phase. This result suggests a complex order parameter 26 induced by lattice symmetry, which will undergo a long-range FM transition at lower temperature.
The temperature dependence of the electrical resistivity in this unusual paramagnetic state is shown in Fig. 5 . Besides the long-range FM transition, a metalliclike phase transition along with a shrinking on the volume also sets in at T = 250 K. 27 Above this temperature, a semiconducting-like behavior ͓d͑T͒ / dT Ͻ 0͔ is observed in the whole studied temperature range. A sharp drop in when the system undergoes the structural phase transition at T S ϳ 710 K is evident. The first-order character of the phase transition is again inferred from a pronounced thermal hysteresis as displayed in the inset of Fig. 5 . The observed reproducibility of ͑T͒ in subsequent thermal runs assures that this result is not related to changes in the average oxidation state of Mn. The decrease in the electrical resistivity across T S may be related to both a reduction in the lattice distortion ͑structural strain͒ and a change in energy gap present in the insulating state of the system. In the latter case, the higher crystallographic symmetry above T S would decrease the gap whereby more charge carriers would be available, reducing the electrical resistivity of the system. In either case, this observation suggests that the average lattice structure plays an important role in the electronic behavior of the high-temperature PMI state.
The electrical resistivity with a small polaron model in the high-temperature PMI phase may be written as 12, 13, 28 
where E P is the polaron hopping energy and k B is the Boltzmann constant. In the nonadiabatic limit ͑where s =3/ 2͒, the polaron is assumed to have a small probability of making a jump during each attempt period, defined as the period of oscillation for the relevant optical phonon. On the other hand, the polaron has a high probability of jumping into the next site in the so-called adiabatic approximation where s =1.
In Fig. 6͑a͒ , we plotted the electrical resistivity according to the adiabatic model s = 1. It is seen that in the orthorhombic phase, the plot of ln͑ / T͒ reveals a clear curvature indicating deviations from the adiabatic regime, whereas in the rhombohedral phase ln͑ / T͒ shows a linear behavior consistent with small polaron hopping in the adiabatic regime.
In Fig. 6͑b͒ , the regime with s =3/ 2 is analyzed. In the orthorhombic phase, the linear behavior of ln͑ / T 3/2 ͒ indicates that the electric transport can be well described by the small polaron hopping in the nonadiabatic regime. From the fit, the hopping energy has been estimated to be E P = 0.19 eV. In the rhombohedral phase, ln͑ / T 3/2 ͒ still shows an apparent linear behavior.
It is concluded from the graphical analysis of Figs. 6͑a͒ and 6͑b͒ that the polaron hopping regime in the orthorhombic phase is clearly nonadiabatic. On the other hand, a more detailed analysis is necessary for the rhombohedral phase. To this end, the resistivity shown in Fig. 4 was fitted in the range 360 K Ͻ T Ͻ 660 K for the orthorhombic phase and in the range 730 K Ͻ T Ͻ 860 K for the rhombohedral phase using Eq. ͑1͒ with s =1 ͑adiabatic͒ and s =3/ 2 ͑nonadiabatic͒ and the fitting residuals were compared. For the orthorhombic phase, we obtained adiab We should mention that trial fits using other models such as Arrhenius conduction and variable range hopping mechanism were done for both temperature intervals and none of these alternative models provided a good fitting to the data.
The possibility of the adiabatic polaron regime for the rhombohedral phase was further investigated by an analysis of the prefactor A in Eq. ͑1͒. In the adiabatic limit and for nondilute fractional concentration of polarons c, 12 the prefactor A in Eq. ͑1͒ is expressed as
where e is the electronic charge, a is the hopping distance of the polaron, 0 is the relevant optical phonon frequency, and g d is a geometrical factor. 13 The fit of our resistivity data in the rhombohedral phase according to the adiabatic model gives A = 1.71ϫ 10 −6 ⍀ cm/ K. Inserting this value in Eq. ͑2͒ and using c = 0.7 and a = 3.9 Å for the average nearestneighbor Mn-Mn distance, we obtain g d 0 = 1950 cm −1 . This value, when compared to the frequency of the out-of-phase stretching ͑JT͒ mode in manganites obtained by Raman scattering 0 ϳ 600 cm −1 , 29 leads to g d ϳ 3-well within the physically acceptable range between g d =1 ͑for nearestneighbor hopping only͒ and g d =5 ͑for equal probability of nearest-neighbor and next-nearest-neighbor hopping͒. 13 This analysis further confirms the adiabatic regime for the rhombohedral phase of La 0.7 Ca 0.3 MnO 3 . The polaron hopping energy in this phase, estimated from the ͑T͒ data above T S , is E P = 0.11 eV, which is significantly smaller than the value found for the orthorhombic phase. This is an additional evidence that the nature of electrical transport of the small polarons depends on the lattice symmetry.
Our resistivity data may be compared to the results previously obtained by other groups. Kumar et al. 30 studied electrical resistivity of La 0.7 Ca 0.3 MnO 3 in the orthorhombic phase and also observed a departure from adiabatic polaron regime. The structural phase transition is absent in the highelectrical resistivity data in a series of La 1−x Ca x MnO 3 probably due to oxygen excess. 31 More recently, Hartinger et al. 32 measured electrical resistivity of a thin-film La 0.7 Ca 0.3 MnO 3 sample, which agrees with small polaron conduction in high temperature. However, they only showed data up to T ϳ 600 K and consequently an electrical transport study involving the average lattice symmetry change was not discussed.
In order to rationalize the change of behavior of the magnetic susceptibility and electrical resistivity at the orthorhombic-rhombohedral transition, it is interesting to mention a number of neutron and x-ray scattering works, 8, 9, [33] [34] [35] which show polaronic correlations in the orthorhombic phase of several manganite compounds. Such correlations disappear in the rhombohedral phase in all studied cases. 34, 36, 37 It is evident that the quenching of the dynamic polaron correlations in the rhombohedral phase is closely related to the simpler magnetic and transport behaviors observed here for this phase, namely, a Curie-Weiss paramagnet polaron gas. This behavior is expected for an electronically homogeneous phase with uncorrelated polarons. On the other hand, the non-Curie-Weiss paramagnetic behavior might be due to a heterogeneous electronic state formed by a coexistence of uncorrelated and correlated polarons below T S leading to a nonadiabatic polaron regime. In this "heavy" correlated polaron state, the hopping rate is expected to be significantly reduced. In fact, the nonadiabatic approximation is more likely to be used in the regime with higher electrical resistivity, where the hopping rate is expected to be much slower due to, for example, the greater energy gap, hopping distance, and change in the number of charge carriers ͑more localized character͒. The adiabatic limit, where the electronic motion is much faster than the ionic motion of the lattice, is assumed to be a noninteracting gas of polarons. 38 Therefore, our results naturally suggest a phase transition from a polaronic liquid ͑correlated͒ to a polaronic gas driven by the average lattice symmetry.
We should mention that there exists further evidence that the cooperative nature of the local distortions and long-range elastic field, which is much more pronounced in the orthorhombic phase, is responsible for changes in the strength of the charge-lattice coupling. 39 In fact, adiabatic small polaron hopping represents very well the transport mechanism above and below the high-temperature orbital order-disorder phase transition of LaMnO 3 . 14, 15 Note that in this orbital transition, the space-group symmetry is preserved. Furthermore, these results suggest that an orthorhombic lattice lowers the elastic energy for polaron correlations.
In a lower temperature range, closer to T c , the magnetic counterpart 11 may strongly influence the electrical transport mechanism to become much more complex. We believe that this influence might be due to the fluctuations of the clustered magneticlike environment surrounding small polarons. FIG. 6 . ͑Color online͒ The ͑T͒ is plotted in the ͑a͒ adiabatic s = 1 and ͑b͒ nonadiabatic s =3/ 2 small polaron hopping regimes. The red curve is the data and the black line is the fit.
However, a closed analytical expression for the temperature dependence of the electrical transport including the spin degree of freedom is not available in this state. Indeed, the addition of spin interaction complicates the lattice polaron problem 40 leading to difficulties in our fundamental understanding of lattice-charge-spin coupling. 41 
IV. CONCLUSIONS
In summary, we have conducted high-resolution x-ray diffraction, magnetization, and electrical resistivity in the hightemperature PMI state of La 0.7 Ca 0.3 MnO 3 . A first-order structural phase transition, from orthorhombic to rhombohedral structure, has been observed near T S = 710 K. Such a transition is accompanied by a change in the electronic conductivity from adiabatic to nonadiabatic small polaron hopping. The adiabatic regime of polaron gas is observed above T S , where the average crystal lattice has a higher symmetry. Below T S , the average lattice is orthorhombically distorted and it is suggested that the nonadiabatic small lattice polarons correlate each other forming a more complex polaronic structure. This picture is in agreement with magnetization results. Such a polaronic structure is believed to be a precursor of the low-temperature FMM state where CMR is pronounced. We believe that these results will impose severe constraint on any microscopic theory of the long-range orderings in intermediate and strong coupled manganites.
